knowledge of their static and fatigue properties at 150°C is very important in comparison with that at RT. The following reports presented the static strength of a CF/BMI composite material, G40-800/5260, with a quasi-isotropic layup. As part of the investigation of the potential of high temperature composite materials for the next-generation SST, the authors' group assessed open-hole (OH) tensile and compressive static strengths at RT and 120°C (Shimokawa et al., 1999-a) . Hirano reported OH tensile and compressive static strengths at RT only (Hirano, 2001 ). Johnston and Gates investigated OH tensile static strength at from 23°C to 218°C (Johnston and Gates, 1998) . Meanwhile, the following investigations were carried out on fatigue strength or S-N relationships of CF/BMI composite materials with a quasi-isotropic stacking sequence at RT. Hirano conducted axial tension, compression, and tension-compression fatigue tests for OH specimens of a G40-800/5260 CF/BMI laminate along with CF/PI composite materials based on a small number of specimens and presented a rough estimate of S-N relationships (Hirano, 2001) . For materials with a non quasi-isotropic stacking sequence, Gathercole et al. fatigue tested unnotched specimens of a T800/5245 CF/BMI laminate with [(±45, 0 2 ) 2 ] S layup under constant amplitude loading over a wide range of stress ratio R (=minimum stress/maximum stress), and discussed Weibull life-distributions, S-N relationships, and Goodman's diagram based on an analysis of test results . Following this paper, Adam et al. reported the results of programmed fatigue tests of block variable loading, provided the cumulative damage fraction to failure, and discussed the applicability of a nonlinear cumulative damage rule . On the other hand, Tyahla and McClellan reported various kinds of test results on the durability and damage tolerance of IM6/3100 and IM6/F650 CF/BMI composite materials, including results of fatigue testing of OH specimens (Tyahla and McClellan, 1988) . The layup of OH specimens was [0°(50%)/±45°(40%)/90°(10%)] and fatigue tests were carried out at only two or three stress levels for R=-1 and 10 under cold temperature dry (CTD), room temperature dry (RTD), and elevated temperature wet (ETW) conditions. Although as described above many reports about the static and fatigue strengths of CF/BMI composite materials have been published, this chapter discusses only test results obtained for specimens with a quasi-isotropic layup, because such test results can be used for the reference or comparison data. Moreover, this chapter focuses on the high-temperature characteristics of the static and fatigue strengths. For OH static strength at high temperatures, only data at 120°C by the authors and those of OH tensile strength by Johnston and Gates were reported. As for fatigue strength, Hirano only discussed rough S-N relationships of fatigue characteristics at RT as determined by axial tension, compression and tension-compression fatigue tests using a small number of test specimens. Under these circumstances, the authors systematically conducted static tests on NH and OH specimens and fatigue tests on OH specimens for a CF/BMI composite material with a quasi-isotropic layup at RT and high temperatures and discussed test results and the high-temperature practicality of this material (Shimokawa et al., 2008) . In this chapter the authors introduce the major contents of their previous paper from a practical viewpoint. The material used was a G40-800/5260 CF/BMI composite material selected from popular CF/BMI composite materials. The objective of this study was to systematically clarify static and fatigue strength at RT and 150°C. In addition, solely static compressive tests on NH specimens were conducted at several high temperatures up to 215°C. Static tests provided static tensile and compressive strengths of NH and OH specimens. Fatigue tests under constant amplitude loading provided S-N relationships for just the OH specimens, i.e., tension, compression, and tension-compression fatigue tests. Visual and CCD microscope observation showed the fracture behavior of static and fatigue failure. The major subjects of this chapter are as follows. (1) An offer of reference data with respect to the static and fatigue strengths at RT and high temperatures. (2) Fiber dominant and matrix (resin) dominant properties in static and fatigue strengths. (3) Open-hole and temperature dependence on static strength. (4) The dependence of the stress ratio R (R=minimum stress/maximum stress in fatigue loading) and temperature on fatigue strength and S-N relationships. (5) The strength ratio (=compression strength/tension strength) for static and fatigue strengths. (6) The influence of load components on fatigue strength degradation, i.e., the influence of tension, compression, and tension-compression load cycles. (7) Practicality evaluation of static and fatigue strengths in the marginal high temperature region for long-term use.
Material, specimens and testing procedures
The prepreg system used is a combination of G40-800 CF and 5260 toughened BMI resin made by CYTEC Co. The lamination has a quasi-isotropic (QI) stacking sequence, 32 plies [45/0/-45/90] 4S . The nominal thickness of 4.29 mm (0.134 mm × 32) was used in calculating stress on specimens. Laminate panels were cured in an autoclave at 190°C for two hours at a pressure of 6.0 kgf/cm 2 and post-cured at 215°C for four hours in an air-circulating oven. All panels were cured at the same time. Fig. 1 (c) shows the configuration of OH specimens used for both static and fatigue tests. To avoid the complex stress state of coupon-type fatigue leading to failure in the vicinity of the clamping location, only OH specimens were used for fatigue tests. The www.intechopen.com clamping parts of OH specimens were bonded with tubs made of the same material as the specimens. In the static tensile and tension fatigue tests, a longer clamp was used, while the static compressive tests, and compression fatigue and tension-compression fatigue tests used the shorter grip size shown in Fig. 1 (c) . Laminate processing and specimen manufacturing were carried out at Kawasaki Heavy Industries, Ltd. For generality, specimen configurations conform to ASTM standards or SACMA recommendations. Since the objectives of this study included the direct comparison of NH static and OH static strengths, the use of common OH specimens for comparing OH static and fatigue strengths, and specimen cost reduction, the specimen configuration shown in Fig. 1 (c) was employed. In particular, the cross-sectional area was equal for both NH and OH specimens. The hole diameter of OH specimens in this study was that from SACMA recommended methods, and other dimensions were smaller than those in the SACMA methods. Table 1 shows the number of specimens tested, with the number of run-out specimens for which the fatigue test was suspended given in parentheses. An INSTRON 8500 digitally-controlled servo-hydraulic material testing machine with an environmental chamber was used for static and fatigue tests. Static tensile tests for NH and OH specimens and static compressive tests for OH specimens were conducted using hydraulic grips. Static compressive tests for NH specimens were conducted using the NAL (National Aerospace Laboratory) type compression test fixture (Shimokawa et al., 1999 (Shimokawa et al., -a, 1999 (Shimokawa et al., -b, 2002 shown in Fig. 2 . A supporting guide for both clamps seen in Fig. 2(a) , which has a fine clearance to the top clamp, prevents moving of the clamps in the out of plane direction of the specimen. The test part of the specimen is not supported against out of plane bending. The compression load is given from both end-sections of the specimen. The actuator speed of the testing machine for all static tests was 1 mm/min. Fatigue tests were conducted under sinusoidal constant amplitude loading with a repetition frequency of 1 Hz or 5 Hz. Three kinds of stress ratio, R=minimum stress/maximum stress, were selected, i.e., R=0.1 for tension fatigue tests, R=10 for compression fatigue tests, and R=-1 for tension-compression fatigue tests. The temperature in the laboratory was controlled by an air conditioner at around 23°C throughout the year. Static and fatigue tests at high temperatures used an air-circulating environmental chamber (Shimokawa et al., 2007) . Elevated temperature tests were mainly conducted at 150°C, as indicated in NHT strength at 150°C is slightly lower than that at RT. Although this fact is strongly influenced by the lowest value measured at 150°C (Fig. 3) , this tendency is considered to be reasonable if referred to the tendency that appeared in OHT static strength (Fig. 3) and OHT fatigue strength, as described later. When the mean values are compared, the NHT strength at 150°C is 10% lower than that at RT. Since the usual allowable temperature limit of carbon fibers is about 538°C (1000°F) (Niu, 1996) , the strength of carbon fibers in the material tested is considered unchanged between RT and 150°C. Furthermore, since all 0° fibers needs to be broken for the final failure of the material tested, the tensile strength is dominated by the fiber strength, i.e., it is considered to be a fiber-dominant property. However, the small decrease in tensile strength found at 150°C means that the matrix binding the fibers also has a small effect on tensile strength, so this is not entirely a fiber-dominant property. This aspect will be discussed in detail later on the basis of careful examination of failed specimens. On the other hand, the mean OHT strength at 150°C is only 3% lower than that at RT. Although this reduction is quite small in comparison with that of NHT strength, this tendency to decrease with increasing temperature is common for NHT and OHT strengths. NHC strength decreases considerably with increasing temperature and the mean NHC strength at 150°C is 25% lower than that at RT. Furthermore, although NHC strength drops gently up to 180°C, it drops heavily at 215°C. The compressive strength of both NH and OH specimens is considered to be a matrix-dominated property. Although this study did not measure the glass transition temperature of the material tested, Johnston and Gates reported that the glass transition temperature of a G40-800/5260 CF/BMI composite was about 228°C after the material was left in a laboratory environment for several days (Johnston and Gates, 1998) . Therefore, this heavy drop of the compressive strength of NH specimens is understandable. The decrease in NHC strength with temperature rise is considered to be a reflection of the decrease in matrix strength in that the specimen failure mechanism is not changed. The mean OHC strength at 150°C is 16% lower than that at RT and this drop is not very large, though it is larger than that of the mean OHT strength. The above results indicate that high temperatures have a large effect on NHC strength, but have a comparatively small effect on other strengths, i.e. NHT, OHT, and OHC strengths. The favorable test results mentioned above are considered to have appeared due to the effectiveness of using heat-resistant polymer as the matrix. 
Test results

Fatigue strength of OH specimens
Let us examine S-N (stress-life) relationships on semi-logarithmic graph paper based on net section stress, placing the maximum stress S max on the ordinate and the logarithm of fatigue life logN on the abscissa, where N is the number of load cycles to failure. In compression fatigue, the minimum stress S min is used instead of S max on the ordinate. If N is assumed to be an independent variable on the S-N diagram, S max will be a dependent variable and can be regarded as fatigue strength. OH static strength is plotted as S max at N=1 to compare it with fatigue strength. An S-N relationship is assumed to be linear on semi-logarithmic graph paper. The S-N line approximating only S-N data is determined by the least-squares method.
The S-N equation is represented by
where a and b are constants and treated as parameters, i.e., intersection and slope. Since the slope of the S-N relationship in this study is quite small, N is dealt with as an independent variable and S max as a dependent variable to aid intuitive understanding. Table 4 shows the parameters of S-N equations for three kinds of R. In order to discuss tension-compression fatigue-test results later, the S range -N relationship for compression fatigue is also shown in Table 4 . Parameters of S-N equations Fig. 4 shows the static OHT strength and S-N relationships from tension fatigue tests for R=0.1 at RT and 150°C. In the RT fatigue tests, an arrow shows those run-out specimens whose fatigue tests were terminated without specimen failure; however, these points were included in the S-N data when approximated by an S-N line. Therefore, the S-N line at RT provides a conservative estimate. From the two S-N lines in this figure and the b values in Table 4 , the S-N relationships at RT and 150°C have equal slopes and are considered to be parallel. Moreover, the difference between fatigue strength at RT and 150°C is close to the difference of the mean static strength at N=1 regardless of N. That is, the test results showed that the difference in static strength in the two environments appeared in the difference in fatigue strength. This fact points out that a difference between the S-N lines at RT and 150°C exists but it is very small. Furthermore, since the slope of the S-N line is small, the decrease in S max is small with an increase in N at either RT or 150°C. The mean tensile static strength is 714 MPa at RT and 690 MPa at 150°C in Table 2 . Meanwhile, the intersection a in Table 4 is 714 MPa at RT and 698 MPa at 150°C. Although there is a slight difference between the static strength and the intersection of the S-N line at 150°C, static strength can be treated as a part of the S-N relationship for R=0.1 in both environments. The fact that tension fatigue strength is slightly influenced by temperature and load repetition means that it is strongly fiber-dominated. However, since these small effects are real, the fiber dominance is not total. Table 4 , compression fatigue strength S min at RT and 150°C drops considerably with the increase in the number of load cycles N. Moreover, there is a clear difference between the two S-N lines at RT and 150°C. However, as N becomes larger, the difference between the lines tends to decrease. The values of intersection a in Table 4 are very close to the highest values of static compressive strength plotted at N=1 for the RT and 150°C conditions, and higher than their mean in Table 2 . Since the scatter of static compressive strength at RT is fairly large, the difference between the highest and mean values is fairly large. The static compressive strength is judged not suitable for regarding as a part of the S-N relationship. In contrast, at 150°C the static compressive strength has a small scatter and may be regarded as a part of the S-N relationship. However, generally including the data on static compressive strength in the compression fatigue data cannot be recommended. As mentioned above, since the compression fatigue strength is greatly influenced by temperature and the number of load cycles, it becomes apparent that compression fatigue strength is a matrix-dominated property. greatly influences fatigue life in tension-compression fatigue tests, as described later, static OHC strength was plotted at N=1 as in the case of compression fatigue. According to the S-N lines at RT and 150°C and the b values in Table 4 , S max apparently decreases with increasing N. Moreover, there is an apparent difference between the two S-N relationships at RT and 150°C, as was the case in the compression fatigue tests. The tension-compression fatigue strength is strongly dependent on temperature and the number of load cycles, as in the compression fatigue tests. Furthermore, these S-N lines pass fairly above their mean compressive strengths given by compressive u S in Table 2 . Generally, u S is considered to be not included in the S-N lines in Fig. 6 at both RT and 150°C. As mentioned above, since the tension-compression fatigue strength is strongly influenced by temperature and the number of load cycles, it is also judged to be a matrix-dominant property. 
Tension fatigue strength
Compression fatigue strength
Detailed discussion of test results
4.1 Fiber-dominant strength, matrix-dominant strength, and failure modes As described above, static tensile strength and tension fatigue strength are predominantly fiber-dominant, and static compressive strength and compression and tension-compression fatigue strengths are matrix-dominant. This section discusses the fiber-dominant and matrix-dominant characteristics of static and fatigue strengths based on observations of specimen failure and failure modes. The mechanical properties of carbon fibers are considered to be constant over the range from RT to 215°C. Moreover, since no signs of fatigue damage were found in the fibers themselves, any fatigue strength reduction of carbon fibers can be left out of consideration. Therefore, matrix damage influenced by temperature and load repetition is considered to generate the temperature dependence of the static and fatigue strengths, and also the load cycle dependence of fatigue strength. Initially, we will consider static NHT strength. In order to generate tensile failure in an NH specimen, fibers in the 0° fiber layers that directly bridge both end regions where the load is www.intechopen.com introduced must finally be broken. If static tensile strength is determined only by 0° fiber fracture, temperature dependence will not appear and perfect fiber dominance will be seen. However, both the static NHT and OHT strengths in Fig. 2 indicate small temperature dependence. This means that the matrix has a small effect on static tensile strength. This aspect can be clarified by examining the failure mode of a specimen. The load-displacement diagram observed in a static tensile test of an NH specimen was considered to be linear up to final failure. In addition, fibers in the 45° fiber layers did not bridge both ends where the load was introduced. Thus geometry tells us that if 45° fiber layers also share internal load via the matrix until the fracture of 0° fiber layers, the final strength of the laminate will become higher than if only 0° fiber layers share internal load. This phenomenon can be evaluated by inspecting whether fiber fracture exists in the 45° layers after final specimen failure. Fig. 7 shows surface and side views of static tensile failure in NH and OH specimens. A surface view of static tensile fracture in an NH specimen at RT is shown in Fig. 7(a) . The front line of the surface 45°-fiber-layer fracture intersects with the 45° fiber direction at 90°. In addition, the 45° fiber layer was also cut at the load-axis orientation. This is evidence that the ±45° fiber layers shared the axial load via the matrix until just before the final specimen fracture. Since the fiber binding strength of the matrix will decrease with increasing temperature, the load sharing rate of the ±45° fiber layers will decrease at the same time. Fig.  7(b) shows the static tensile fracture of an OH specimen at RT, with surface and side views from the same specimen. As shown in the left-hand figure, only a small number of surface +45° fibers failed. The right-hand figure displays small slits in a comb pattern produced by fiber separation in the -45° fiber layers in the upper part of the side face. Such slits extended even to the lower part of the opposite face. In the lower part of the slits in the right-hand figure, delaminations produced by the pull-out of 0° fibers can be seen. These facts mean that +45° fibers fractured inside the specimen. Static OHT strength dropped slightly with increasing temperature similarly to static NHT strength, as shown in Fig. 3 . However, the matrix binding strength decreases at elevated temperatures in comparison with that at RT, and stress concentration around the open hole is considered to drop at elevated temperatures. Therefore, this is a possible reason why OHT strength has small temperature dependence but does not fall in the same way as NHT strength at 150°C. Next, we consider static compressive failure. The compressive strength of a composite material is considered to reflect the temperature dependence of the matrix strength. Fig. 8 shows the appearance of static NHC failure, which formed a rhombus shape in the side view. The main failure mechanism is considered to be compressive buckling failure generated by delamination progressing from micro-buckling. Partial shear fracture in the side view is also confirmed. This macroscopic shear fracture can be considered to have progressed from kinking initiation. Since these mechanisms of compression failure initiation depend on matrix strength (Pilato & Michno, 1994) , the compressive strength is directly related to the temperature-dependent matrix strength. Fig. 9 (a) and (b) show side views of static compression failure of different OH specimens at 150°C. Around the cross section having an open hole, macroscopic rhombus-shaped failure and shear failure in the thickness direction can be seen. Figure 9 (a) shows typical rhombus-shape failure and the fracture mode in Fig. 9 (b) seems to be shear-dominant; however, the fracture mode around the hole has a rhombus shape. Though the compressive fracture mechanism in an OH specimen is similar to that in an NH specimen, the drop of compressive strength at 150°C from RT is smaller than that of an NH specimen. This phenomenon is considered to originate in the relaxation of stress concentration around the hole at 150°C.
In the case of tension fatigue, matrix damage such as transverse micro-cracking and small delamination occurs in the open-hole wall and grows with the increase in the number of load cycles, and the 0° fiber layers gradually charge themselves with the load that ±45° fiber layers shared. Specimen failure will occur when the 0° fiber layers are loaded up to the limit load or the limit strain to failure. This means that although fatigue strength is influenced by high temperature and load repetition, there is a compensating effect as high temperature and load repetition reduce stress concentration around the open hole. Therefore, the tension fatigue strength is strongly fiber-dominant; however, it is slightly influenced by high temperature and the number of load cycles. In the case of compression fatigue, fatigue damage such as transverse micro-cracking and small delamination occurs in the open-hole wall and delamination and local buckling progress, finally resulting in compression buckling failure. Inspection also showed partial shear fracture in the thickness direction. Thus, compression fatigue strength is governed by matrix failure and dependent on temperature and the number of load cycles. Additionally, the relaxation effect of stress concentration around the hole on compression fatigue strength is superimposed, producing the S-N relationships shown in Fig. 5 . Rosenfeld and Gause also pointed out that compression fatigue strength is matrix-dominated for a CF/epoxy composite material (Rosenfeld & Gause, 1981) .
(a) OH specimen, 150°C (b) OH specimen, 150°C
Fig. 9. Side views of static compressive failure of OH specimens
In tension-compression fatigue, the final failure mode was similar to that of compression fatigue, i.e. delamination buckling. This fact suggests the important role of compression load repetition promoting delamination growth. The tension load component is also thought to contribute to delamination buckling by accelerating the initiation and growth of matrix damage. That is, the fatigue failure mode in tension-compression fatigue can be considered to be matrix-dominant and the tension-compression fatigue strength is dependent on temperature and the number of load cycles. As mentioned above, since static compressive strength, compression fatigue strength, and tension-compression fatigue strength can be classified as matrix-dominant properties, the effectiveness of using a high-temperature resin as a matrix in an elevated temperature environment can be established. This viewpoint is very important and discussed again later.
Effect of an open hole on static strength and its temperature dependence
This section discusses the ratio of static OH strength to static NH strength and its temperature dependence, where this ratio is calculated from the mean strength based on the test results in Table2 or Fig. 3 . Since the cross section of OH specimens was equal to that of NH specimens and the static strength was represented by the net section stress in this study, the experimental results are directly comparable. The following published data obtained at only RT were found. OHT/NHT strength ratios are 57% for T650-35/Radel 8320 CF/thermoplastic resin (Pilato & Michno, 1994) , 58% for T800S/3900-2B and 56% for T800H/3900-2 CF/epoxy (JAXA, 2007) . OHC/NHC strength ratios are 52% for T800H/F655-2 CF/BMI (Marais et al., 2001 ) and 51%-53% for T800S/3900-2B and T800H/3900-2 CF/epoxy (Nagao et al., 2007) . Therefore, the numerical values presented in Table 3 are considered reasonable. The authors discussed the effect of an open hole on the static strength of CFRPs in detail based on theoretical formulae and test results (Shimokawa et al., 2008) .
Comparison of RT and 150°C strengths subjected to static or fatigue loading
To examine the high-temperature performance of the material tested, we will discuss the ratio of 150°C strength to RT strength when the specimens are subjected to either static or fatigue loading. This strength ratio, r 150 (N), is defined as
where static strength is given for N=1. Table 6 indicates r 150 (N) values calculated by Eq. (4) for NH and OH specimens. Since the static strength ratio was described in Section 3.1, this section gives only numerical values in Table 6 for the sake of comparison. In the case of fatigue strength, the ratio was calculated by the S-N equation, Eq. (2), and the parameters in Table 4 . For OH specimens the 150°C fatigue strength is adequately high in comparison with RT fatigue strength. In addition, the ratio of OHT fatigue strength agrees with that of OHT static strength. Furthermore, the ratio for OHC fatigue strength is larger than that for OHC static strength, i.e., the reduction in fatigue strength is smaller than that in static strength. This result is remarkable. Moreover, the tension-compression fatigue strength of OH specimens was adequately high at 150°C in comparison with that at RT. As mentioned above, a high ratio listed in Table 6 for static and fatigue strengths indicates the high temperature performance of the material tested, and can be evaluated to demonstrate sufficient practical utility from the viewpoint of static and fatigue strength at 150°C. Table 6 . The ratio of strength at 150°C to that at RT, r 150 (N), for NH and OH specimens given by the mean static strength and the fatigue strength calculated from the S max -N equation
Ratio of compression strength to tension strength in static and fatigue strengths
We now discuss the ratio of static compressive strength to static tensile strength in NH and OH specimens, and the ratio of compression fatigue strength (R=10) to tension fatigue strength (R=0.1) in OH specimens. That is, this section evaluates the weakness of the material tested for compression loading on the basis of the ratio of compression strength to tension strength. The fatigue strength ratio for arbitrary N is defined by
where comp SN ,min ( ) is compression fatigue strength (R=10), and tens SN ,max ( ) tension fatigue strength (R=0.1). The static strength ratio is defined for N=1, CT r (1) , where comp S ,min (1) is the mean compressive strength and tens S ,max (1) the mean tensile strength. Fatigue strength is calculated by Eq. (2) and the parameters given in Table 4 . Table 7 indicates the calculated strength ratio, CT rN () . The static strength ratio of NH specimens is 81% at RT and 68% at 150°C. As described below, this ratio at RT is considered reasonable; however, it is fairly small at 150°C. This tendency is reflected in the compressive strength reduction presented in Fig. 3 . On the other hand, the static strength ratio of OH specimens is 65% at RT and 56% at 150°C. That is, an open hole reduces this ratio further. Moreover, the following published examples obtained at RT were found for the static strength ratio. For NH specimens of CF/epoxy composites, the static NHC/NHT strength ratio was 77% (JAXA, 2007) and 84% (Nagao et al., 2007) for two cases of T800S/3900-2B, and 83% for T800H/3900-2 (JAXA, 2007). For OH specimens, the static OHC/OHT strength ratio was 57% and 66% for T800S/3900-2B and T800H/3900-2 CF/epoxy composites, respectively (JAXA, 2007) , and 67% (Shimokawa et al., 1999-a) and 68% (Hirano, 2001 ) for G40-800/5260 CF/BMI composites. Therefore, the numerical values of the static strength ratio in Table 7 are considered reasonable as compared with other test results.
As shown in Table 7 , the fatigue OHC/OHT strength ratio is in the range of 50% to 60% at RT and 150°C. It is lower than that of static strength and has a tendency to decrease with the increase in the number of load cycles. Moreover, there is a tendency for the ratio at 150°C to be slightly lower than that at RT. Since compression strength is expected to be lower than tension strength because of being a matrix-dominant property, these quantitative values are very important from an engineering perspective. This property should be fully taken into account in the design of composite structures. Table 7 . The ratio of compression strength to tension strength, CT rN () , for NH and OH specimens: static strength ratio=mean compressive strength/mean tensile strength, and fatigue strength ratio=compression fatigue strength (R=10)/tension fatigue strength (R=0.1)
Effect of compression load cycles on tension-compression fatigue strength
The repeated stress range, S range, of compression fatigue tests (R=10) in this study is calculated by S range =-0.9×S min . If the S range -N relationships in Fig. 5 are noticed, it can be understood intuitively that they are very close to the tension-compression S max -N relationships in Fig. 6 . These relationships are discussed in detail below. S max in tension-compression fatigue tests (R=-1) is the stress amplitude and indicates the tension stress range or compression stress range. Fig. 10 shows Fig. 6 itself together with the S range -N relationships converted from the compression S min -N relationships in Fig. 5 . Thick lines are the tension-compression S max -N relationships and fine lines represent the compression S range -N relationships, whose parameters are given in Table 4 . Fig. 10 indicates that two S-N relationships at RT broadly overlap over a wide range. When the parameters of two S-N lines at RT in Table 2 are compared, the S range -N line of compression fatigue has a lower intersection and a lower slope than those of the tension-compression S max -N line, respectively. It turns out that the two S-N lines at RT gradually intersect. Moreover, Fig. 10 means that compression load cycles contribute primarily to tension-compression fatigue strength and most tension-load cycles have little influence on tension-compression fatigue strength in the range for which fatigue data exists. Two S-N lines at 150°C in Fig. 10 clearly intersect. However, the slopes of the two straight lines are not very different. Therefore, it is obvious that the repeated application of a compression load mainly affects tension-compression fatigue strength. In addition, the compression fatigue strength expressed by S range is lower than the tension-compression fatigue strength in the life region shorter than where the two lines intersect. This tendency is explained as follows. With regard to the mean stress in a compression fatigue test (R=10), the mean stress and stress amplitude constitute the maximum compression stress, which generates the final fatigue failure due to delamination buckling. Next, since the tensioncompression fatigue strength is equal to the compression fatigue strength expressed by S range in the vicinity of the intersection, this means that the tension-load repetition in tensioncompression fatigue tests did not affect the tension-compression fatigue strength, as in the case of the tension-compression S max -N relationship at RT. Simultaneously, the mean compression stress in the compression fatigue test becomes smaller, and this is considered to not have any influence on fatigue strength. In the life range larger than the intersection, the tension-compression fatigue strength becomes smaller than the compression fatigue strength expressed by S range in Fig. 10 , and this means that the tension-load repetition in a tension-compression fatigue test has an effect on delamination growth. The concept described above provides a coherent explanation for the S-N relationship at 150°C. Moreover, this kind of concept is also qualitatively applicable to S-N relationships at RT. The authors derived an S range -N relationship from the compression S min -N data (R=10) of NH specimens of a T800/5250 CF/BMI laminate with [(±45, 0 2 ) 2 ] S layup given by Gathercole et al. ) and compared it with the tension-compression S max -N data (R=-1). This comparison showed that the S range -N relationship (R=-1) was very close to the S max -N relationship (R=-1) and the two S-N lines gradually intersected in almost the same manner as those at RT in Fig. 10 Tyahla & McClellan, 1988) . Though IM6/3100 experienced longer lives during compression-only cycling (R=10) than reversed cycling (R=-1) on the basis of S max -N diagrams under CTD and RTD conditions, IM6/F650 showed no extension of life during compression-only cycling compared to reversal cycling. They described that perhaps fatigue life in the case of IM6/F650 was controlled by delamination growth with compression loading and failure would occur when delaminations grew to a critical size.
The test results and discussion described above show that the repeated compression-load component of a tension-compression fatigue test has a large effect on fatigue strength over the entire life region, together with the maximum compression stress in the-short life region. The repeated tension-stress component has an effect only in the long-life region. This phenomenon is explained delamination growth in tension-compression fatigue being mainly driven by compression load repetition while final failure is generated by delamination buckling. This phenomenon and its interpretation are particularly noteworthy.
Comparison of fatigue data at room temperature obtained by the authors and Hirano
As stated in the introduction, Hirano reported S-N test results at RT for a G40-800/5260 CF/BMI composite material using a small number of specimens (Hirano, 2001) . This section will compare his data with those obtained in the present study. He used OH specimens 38.1 mm wide, and with other dimensions such as the hole diameter, stacking sequence, and thickness the same as those in this study. The loading conditions of the fatigue tests were R=0.05 for tension fatigue, R=20 for compression fatigue, and R=-1 for tension-compression fatigue. The combination of R and the number of specimens tested, n, are {R=0.05, n=4(1)}, {R=20, n=3(1)}, and {R=-1, n=5}, where the figure in ( ) is the number of unbroken specimens.
Since there are several differences between his and the authors' investigations, the sets of data are compared in the following way: (1) Net section stress is used. (2) Stress range is used, because R values are different in tension fatigue and compression fatigue tests. (3) Only Hirano's failure data are used. The results compared are as follows: (1) Both tension fatigue strength and compression fatigue strength in the present study are slightly higher than those given by Hirano; however, the difference is regarded as falling within the scatter band of data in the present study. (2) The tension-compression fatigue strength was equivalent in both investigations. Therefore, (3) it can be considered that the tensioncompression fatigue strength was in agreement with the compression fatigue strength expressed by S range as in the case of the present investigation. The results mentioned above are considered to indicate that the fatigue test results obtained by both investigations are effective and can be used as reference data. Moreover, the use of net section stress and stress range was effective in comparing the fatigue test results obtained for the different specimen width and R.
Conclusions
This study determined the static strength of NH (non-hole) and OH (open-hole) specimens and the fatigue strength of OH specimens made of a G40-800/5260 CF/BMI hightemperature polymer composite material with a quasi-isotropic layup at RT (room temperature) and high temperatures, mainly 150°C, where OH static and fatigue strengths were represented by net section stress. Major conclusions are as follows: 1. This study generated systematic test results of the static and fatigue strengths at RT and high temperatures and presented the original data in mathematical tables available for reference data. 2. NHT (non-hole tension) static strength, OHT (open-hole tension) static strength, and OHT fatigue strength (R=0.1) are classified as fiber-dominated properties; however, they have some weak matrix-dependence and are slightly influenced by temperature. Furthermore, due to its slight matrix dependence, OHT fatigue strength is weakly dependent on the number of load cycles. 3. NHC (non-hole compression) static strength, OHC (open-hole compression) static strength, OHC fatigue strength (R=10), and OHTC (open-hole tension-compression) fatigue strength (R=-1) are classified as matrix-dominated properties and are temperature-dependent. Because of the matrix dependence, OHC and OHTC fatigue strengths are fairly dependent on the number of load cycles. 4. The fiber fracture of 45° plies was also observed in the static tensile failure of an NH specimen, though the static tensile strength was considered to be a strongly fiber-dominated property. In the static compressive failure of NH and OH specimens, the rhombus shaped fracture and partial shear failure were observed on the side face. These failure modes were regarded as indicative of matrix-dominated fracturing.
5. An open hole greatly reduced static strength and this effect was larger for compressive strength than for tensile strength. The strength reduction due to the hole either for tension load or compression load was smaller at 150°C than at RT. 6. The static strength ratio (=compressive strength/tensile strength) was fairly low for both NH and OH specimens, except for the comparatively high ratio for NH static strength at RT. The fatigue strength ratio (=OHC fatigue strength/OHT fatigue strength) was generally lower than the static strength ratio, and it decreased to 50% at both RT and 150°C. 7. The S range -N line of compression fatigue (R=10) and the S max -N line of tensioncompression fatigue (R=-1) gradually intersected each other at either RT or 150°C. Especially at RT the two S-N lines broadly overlapped. This fact indicates that the compression stress range mostly controlled fatigue lives in tension-compression fatigue tests at RT and 150°C. 8. The use of net section stress and stress range was effective in comparing the fatigue test results obtained for the different specimen width and R. 9. The static and fatigue strengths showed relatively small reduction from RT to 150°C except for NHC static strength. This is due to the use of a BMI resin for the material tested and demonstrates its practical utility at 150°C. However, structural designers should be careful about strength reduction when a structure has open holes and encounters compression loads in a high temperature environment. By adopting the principles of sustainable design and cleaner production, this important book opens a new challenge in the world of composite materials and explores the achieved advancements of specialists in their respective areas of research and innovation. Contributions coming from both spaces of academia and industry were so diversified that the 28 chapters composing the book have been grouped into the following main parts: sustainable materials and ecodesign aspects, composite materials and curing processes, modelling and testing, strength of adhesive joints, characterization and thermal behaviour, all of which provides an invaluable overview of this fascinating subject area. Results achieved from theoretical, numerical and experimental investigations can help designers, manufacturers and suppliers involved with high-tech composite materials to boost competitiveness and innovation productivity.
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